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SYNTHESIS OF CARBON NANOTUBES BY PLASMA ENHANCED
CHEMICAL DEPOSITION METHOD
IN RADIO-FREQUENCY CAPACITIVE DISCHARGE

Abstract. In this work a synthesis of carbon nanotubes by plasma enhanced chemical deposition method in
radio-frequency capacitive discharge is considered. As a result of the experiment, two samples were obtained — a
silicon substrate with a small bright deposition on its surface and soot inside the heating element. These samples
have been studied by using Ntegra Spectra Raman spectroscopy and scanning electron microscopy Quanta 3D 200i
(SEM, FEI company, USA). The results of analysis indicate that carbon nanoparticles were deposited on the surface
of the silicon substrate, whereas SEM and Raman spectroscopy analysis of soot indicates the presence of carbon
fibers and nanotubes. The formation of CNTs and other carbonaceous nanostructures inside the quartz tube is
explained by the fact that the heater material is nichrome (Ni + Cr) and the heating leads to evaporation of a small
fraction of nickel, which served as a catalyst for CNT growth.

Keywords: carbon nanotubes, plasma chemical deposition, plasma.

Introduction

Synthesis of carbon nanotubes (CNTs) by chemical vapor deposition with plasma enhanced
(PECVD) is used to produce vertically aligned CNTs on substrates at relatively low temperatures [1,2]. In
accordance with the type of gas discharge, there are various PECVD reactors of glow discharge [3,4],
radio-frequency discharge (RF) 13.56 MHz [5-8], microwave discharge 2.56 GHz [9]. For synthesis of
CNTs are also used other methods, such as electric arc spraying (EAS) of graphite [10], laser ablation
[11], method of chemical vapor deposition (CVD) [12]. The advantage of PECVD method compare with
other methods is an ability to control and obtain vertically aligned CNTs due to the electrical field of
plasma. CNTs have a wide range of applications: in electronics (flexible displays, sensors, high-speed and
efficient diodes and transistors) [13,14], in medicine (treatment of cancer, biocompatible functional drugs
and markers) [15-17], in energy (creation of solar panels, fuel cells, effective cathode electrocatalyst) [18-
20] and etc. Due to these facts, nowadays scientists pay great interest to the research and synthesis of
CNTs. Thus, in this work a synthesis of carbon nanotubes by plasma enhanced chemical vapor deposition
method at radio-frequency capacitive discharge is considered.

Experiment

In this work the synthesis of CNTs by PECVD method was carried out in the experimental setup, the
structure of which is shown in Figure 1. Experimental setup consists of working chamber (1), two parallel
electrodes (2), where upper one is RF electrode and lower electrode is grounded, RF generator (3), heating
element (4) — quartz tube with nichrome spiral, heater power source (5), pumping system and injection
system of reaction gas into the working chamber.
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1 — working chamber, 2 — electrodes, 3 — RF generator, 4 — heating element,
5 — heater power source, 6 — silicon substrate with a catalytic nanolayer

Figure 1 — Structure of experimental setup for synthesis of CNTs by PECVD method

On the basis of proposed scheme the experimental setup of combined radio-frequency discharge with
a thermal heater was installed for the primary initiation of pyrolysis process. Figure 2 shows photos of
working mode of RF plasma combustion with nichrome heater at different electrical parameters.

Figure 2 — PECVD process in working mode

a — morphology OfSl substrate with Ni b — thickness Ni ﬁlm

Figure 3 — SEM analysis of silicon substrate with a catalytic nanolayer of nickel

— 70 —




ISSN 2224-5227 Ne 6. 2016

It is known, that growth mechanism for CNTs can be explained by widely-accepted vapor-liquid-
solid (VLS) model, where catalyst plays a main role for CNTs growth. Therefore, in order to synthesis of
CTNs on silicon (Si) substrate a catalytic nickel (Ni) was deposited on the surface of silicon substrate (6)
by electron-beam deposition. After deposition, obtained sample was investigated by scanning electron
microscopy (SEM). SEM analysis shows that surface of silicon substrate has a uniform nickel nanolayer
with thickness ~ 50 nm. SEM images of Si substrate with Ni are shown in Figure 3.

Thus, the obtained silicon substrate with catalytic nanolayer is loaded into working chamber on the
surface of lower electrode and then an air is pumped out from chamber, after vacuuming, a flow of
working argon gas (Ar) is supplied up to the pressure of about 4 Tor and then heating element is switched
on. As soon the heating element is reached the temperature of 750°C, a RF voltage is supplied to the upper
electrode with power of 5-15 Wts by RF generator; as a result the argon RF plasma is ignited and held for
15 minutes. At this stage, nanoclusters (islands) of nickel are formed on the surface of the silicon substrate
due to the plasma and heat treatments. These nanoclusters are the basis for the growth of CNTs on the
VLS model. Indeed, Figure 4 shows a SEM image of resulting nickel nanoclusters on the surface of
silicon substrate. The Figures 3 and 4 show, that before plasma and heat treatment, the surface of silicon
substrate had a continuous nickel nanolayer, but after plasma and heat treatment process a separate islands
of nickel nanoclusters with an average diameter of 20-70 nm were formed. According to the VLS model,
the diameter of these nanoclusters determines the diameter of the synthesized CNT.

Figure 4 — SEM image of nickel nanoclusters on the surface of silicon substrate

For the formation of nickel islands on the surface of silicon substrate 15 minutes is enough, then for
CNTs synthesis the working chamber was filled with an additional reaction carbonaceous gas — methane
(CH4) up to the pressure of 5 Tor, the synthesis process takes 15-30 minutes.

Thus, two samples were obtained from the experiment — a silicon substrate with deposited carbon
nanoparticles (Figure 6) and soot into the heating element (Figure 5).

§

Figure 5 — Quartz tube before (a) and after (b) synthesis of CNTs by PECVD method
—— 7] ——
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a—top view b —side view

1.5

1.1

KCnt

0.4

0.0 - ! f T T
0.00 0.50 1.00 1.50 2.00 2.50 3.00
Energy - keV
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Figure 6 — SEM images and chemical composition of carbon nanoparticles deposited on the surface of silicon substrate

Figure 7 — SEM images of CNTs
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The study of obtained samples by scanning electron microscope and Raman spectroscopy (RS) shows
that formation of carbon nanoparticles during PECVD process is true ant they are deposited on the surface
of the silicon substrate. Figure 6 shows the SEM images of deposited carbon nanoparticles, while the
SEM and RS analysis of soot indicate the presence of carbon fibers and nanotubes (Figure 7). Initially, the
purpose of this work was to synthesize of CNTs on the surface of silicon substrate, but as obtained results
show, there is no CNTs on silicon substrate. Perhaps, the reason is still low temperature of environment
near the substrate for the growth of CNTs, but sufficient for the formation of nanoclusters of nickel.

Due to the high temperature of nichrome heater, the Ni nanoparticles were formed because of the
thermal emission from heater, which led to CNTs growth and formation of soot in heating element.

Raman spectra of soot are shown in Figure 8. Raman spectrum shown in Figure 8a corresponds to the
typical spectrum of multiwalled CNTs (MWCNTs) with main G, D and G' (2D) bands at frequencies of
1591 ecm™, 1360 cm™ and 2719 cm™, respectively, and also G+D band at frequency 2950 cm™. G-band of
this spectrum corresponds to a tangential vibrations of two adjacent carbon atoms in the CNT lattice, G'
(or 2D) band corresponds to overtone of D-band, caused by two-phonon inelastic scattering. The presence
of D-band and G'- band in the spectrum enables to indicate the defects in the structure and its perfection.
Thus, to assess the structure the following formula of G and D bands intensity ratio can be used: L, =

I . . . .
4,4 - I—G, where L,- area of homogeneous dispersion in the carbon structures. The value of bands intensity
D

ratio for the spectrum is L,= 4,7, indicating that the synthesized MWCNTs has not so bad quality. Also,
the expressed 2D band in spectrum says about good quality of obtained CNTs. But fusion of D and G
bands indicates the presence of amorphous phase in sample. Raman spectrum represented in Figure 8b is a
typical to spectrum of Few-layer graphene (FLG). This is evidenced by the weak D band (1359 cm™) and
relatively narrow and intense G bands (1581,8 cm™) and 2D (2733.6 cm™).
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Figure 8 — Raman spectra of obtained CNTs by PECVD method

Conclusion

In this work the synthesis of carbon nanotubes by plasma enhanced chemical vapor deposition
method in a radio capacitive discharge was considered. As the result of the experiment two samples were
produced — a silicon substrate with a small and white deposition on its surface and soot inside the heating
element which have been investigated using SEM and RS analysis. The results of the analysis indicate
that the carbon nanoparticles were deposited on the surface of silicon substrate, whereas SEM and RS
analysis of soot indicate the presence of carbon fibers and nanotubes. The formation of CNTs and other
carbon nanostructures inside the quartz tube is explained by the fact that the heater material is nichrome
(Ni+Cr), during heating, a small fraction of nickel, which served as a catalyst for CNT growth, was
allocated.

This work was supported by the Ministry of Education and Science of the Republic of Kazakhstan
under the grant 3214 / GF 4.
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"KOFAPBI )KULTIKTI CHIBIMIBLIBIK PA3PSIIBIHJIA TA3/IBIK ®A3AJAH
IJIA3SMOXUMUSLIBIK OICIMEH KOMIPTEK HAHOTYTIKIIEJIEPIH CUHTE3JEY

AHHoTanms. Bys >xyMmbIC KOFapbl KUUTIKTI CBIABIMIBUIBIKTEI pa3paATa ra3fblK (aszafaH IIIa3MOXHMHSIIBIK
O/IiCIMEH KOMIPTEK HaHOTYTIKILIENepiH CHHTE3ley TaKbIpbIObIHA apHaifaH. JKCHEPUMEHT HOTHXKECIHIE eKi YJri
anplHAbl — OeTTik KabaThlHIA KaHAal nga Oip amblK KOHABIPMAachl Oap KPEMHHIIIK TOCEM MOHE KbI3IBIPY
9JIEMEHTIHIH iwiHzeri kyie. Aranran yiarinep Pamanapik Ntegra SPECTRA cniektpockonusiceiMeH jxoHeQuanta 3D
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2001 (SEM, FEI company, USA) 31eKTpObI CKaHEPIIEYIli MEKPOCKOITHS KOMETiMEH 3epTTelNai. AHAIN3 HOTHXKeIepi
KPEMHHII TOCEMHIH OCTTIK KabaThIHIa KOMIPTEKTI HAHOOOJIIIEKTEePIiH KOHABIPUIFaHbIH, all KyheHiH DCM xoHe
PC amanms3i KeMIpTEKTI TAIIIBIKTAPABIH JKOHE HAHOTYTIKIIEIEPAiH Oap eKeHIiriH mamenmeiimi. Keapirrsik
tyrikueHiy imiage KHT »xone Gacka ja KeMIpTEKTI HAHOKYPBUIBIMAAPbIH Maiga GOybl KbI3ABIPFII HAXPOM
(Ni+Cr) wmarepuajnbiHaH OosiFaHbIMEH TyciHAipiaenl. KpI3AbIpFBIITEIH —TeMIIEpaTypachlH JKOFapbUIaTKaHIa
marepuangan KHT ecyinine ceben 00aThiH HUKENb KaTAIN3aTOPhI OOJIHE/].

Tyiiin ce3mep: KOMipTEeKTI HAHOTYTIKILIEJEP, INIA3MOXUMHSLIBIK KOHIBIPY, TUIa3Ma.

YK 621.039.6, 537.523/.527
LT EanbllJIeBl’s, T.C. Pama3anos’, M.K. Jloc6oraes’, M.T. T’ aﬁuyﬂnnﬂ3, E. EpJ‘laHyJ'IbIl’3

! JTaGoparopus umkeneproro mpodumst, KasHY um. ans-Dapabu,
2Haqu0—HccneHOBaTenLCKHﬁ MHCTUTYT 3KCIIEPHUMEHTAIFHON 1 TeopeTndeckoit pmsukn, KasHY um. ans-Dapadmu,
*HaupoHabHasi HAHOTEXHONOTHICCKAs nabopatopust oTKpsiToro tuma, KasHY um. ans-Dapadu,
Kazaxcran, 050040 Anmartsl, nip. ans-Dapadu, 71

CHHTE3 YIVIEPOJAHBIX HAHOTPYBOK INTASMOXUMHUYECKUM METOAOM OCAKIEHUS
N3 I'A30BOU ®A3bI B BBICOKOYACTOTHOM EMKOCTHOM PA3PSJIE

Annoranu./[aHHass paboTa IOCBAIIEHA CHUHTE3Y YIJIEPOJHBIX HAHOTPYOOK IUIa3MOXMMHYECKHM METO/IO0M
OCa)XJECHUSI M3 Ta30BOH (a3l B BBICOKOYACTOTHOM EMKOCTHOM paspsie. B pesymbrare sKcrepuMeHTa OblIH
MOJTydYeHbI /1Ba o0pasla — KpeMHHEBas IMOJUIOKKA C HEKHM CBETJIBIM OCa)KJCHHEM Ha €€ MOBEPXHOCTH M caxa
BHYTPU HarpeBaTEIbHOTO 3JIEMEHTa, KOTOpbIE OBIIM HMCCIIEAOBAHBI C TOMOIIBI0 PaMaHOBCKOW CIIEKTPOCKOMUEH
Ntegra SPECTRA wu ckanupyromeii anexrponHor mukpockonueii Quanta 3D 200i (SEM, FEI company, USA).
Pe3ynbTaThl aHanmM3a CBUAETEIBCTBYIOT, UYTO HA MIOBEPXHOCTU KPEMHHUEBOH MOI0KKN OBIIIM OCAXKICHBI YITICPOJHbIC
HaHouacTunbl, Torga kak COM wm PC aHanu3 caxu CBHIETENBCTBYET O HAIWYMM YIIIEPOJHBIX BOJIOKOH HU
HaHOTPyOOK. OOpazoBanne YHT u apyrux, yriepomocoiepamux HAaHOCTPYKTYP BHYTPHU KBapLEBOH TPYyOKH
oOBsCHSIETCSI C TeM, 4TO MarepuaioM HarpeBatens siisercs HuxpoM (Ni+Cr), mpu HarpeBaHHMM KOTOPOTO HU3
MaTrepualia BBIIEIISUIaCh MaJlast OISl HUKEJsl, KOTOPBIH CITyuJ Katanu3aropoM pocta YHT.

Ki1ioueBble cj10Ba: yriaepoaHble HAHOTPYOKH, INIa3MOXUMHYECKOE OCaKACHHE, IIa3Ma.
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